A predator-prey interaction model is proposed for studying management implications of two fish species populations with nonlinear interactions. Nonlinear interactions seem more plausibl than linear ones in natural populations. The present model is built up by adding second order interactive terms to the Lotka-Volterra type linear model proposed by LARKIN.
A predator-prey interaction model is proposed for studying management implications of two fish species populations with nonlinear interactions. Nonlinear interactions seem more plausibl than linear ones in natural populations. The present model is built up by adding second order interactive terms to the Lotka-Volterra type linear model proposed by LARKIN.
The prey isocline, which is a curve satisfying the equation dNl/dt=0 in the N1 (prey population density)-N2 (predator population density) plane, is classified into the four types based on the shape of the isocline. The predator isocline is also classified into the four types. The present model with the elliptic predator and prey isoclines, can be used to represent all the types of isoclines and can show the general nature of various nonlinear interactions.
The responses to exploitation of the present nonlinear predator-prey system are qualitatively different from those of the original linear system. The equilibrium catches may suddenly decline from positive levels to zero even if fishing pressure increases continuously. Such a catastrophic phenomenon is caused by the destabilization of the system. If the single-species MSY (maximum sustainable yield) policies are practiced without taking into account the stability of the system, populations may be threatened with sudden collapses. The MSY policies for populations with nonlinear interactions may be quite dangerous. on feeding is applicable to a predator population. The amount of food actually utilized by a predator population will be limited even if the prey popu lation density increases infinitely. In this situa tion, the per capita rate of increase of the predator must be nonlinearly related to the prey population density. When the per capita rate of increase of population i, (i=1, 2) is expressed in nonlinear terms of N1 and N2, nonlinear interaction is defined to exist in population i.
SHIRAKZHARA and TANAKA" studied the dynamics of the two competing fish populations with nonlinear interactions and showed that nonlinear systems were more sensitive to exploitation than linear systems. In the present paper, a nonlinear predator-prey interaction model is pre sented to explore the responses to exploitation of predator and prey populations with nonlinear interactions and to develop insight into fisheries management of such nonlinear predator-prey systems. (predator) G22 negative or zero and G21 positive or zero Negative or zero intraspecific effects exist at all points on each isocline. Negative or zero inter specific effects of the predator on the prey exist at all points on the prey isocline. Positive or zero interspecific effects of the prey on the predator exists at all points on the predator isocline.
TYPE 2: (prey)
G11 positive at some points and G12 negative or zero at all points (predator) G22 positive at some point and G21 positive or zero at all points This type includes positive intraspecific effects which correspond to the depensatory density dependent process8), over a certain range of popu lation levels. In the examples of Fig. 2 and Fig. 3 , the range from the point A to the point B is appli cable to this condition. 
and equations for the prey and predator•@ isoclines are: The intersections of two isoclines are the equili brium points of both populations (dN1/dt=dN2/dt =0). The equilibrium points can be classified into the stable and unstable equilibrium points by examining the local stability at the points. It is only at a stable equilibrium point that the two populations can maintain a steady state against perturbation, e.g. a sudden change of fishing pressure. In the present paper, the local stability is analysed by the method of VANDERMEER9).
The stable equilibrium population of population i under fishing pressure, denoted as Nieq, can be obtained by solving equations (6) and checking the local stability. Thus, the equilibrium catch obtained from population i, Cieq is:
The values of C1eq and C2eq can be calculated for various combinations of F1 and F2 when all the parameters of equations (5) 
Effects of Exploitation on Prey and Predator Fish Populations and Their Equilibrium Catches
The dynamics of the two populations will show different behaviors according to the number of the stable equilibrium points occurring, and the number will vary depending on the combination of the previously classified two population iso clines. The model to be discussed here possesses no more than two equilibrium points. In the case where both prey and predator isoclines are either TYPE 3 or TYPE 4, the two stable equilibrium points will be obtained. This case, however, is the same as Example 1 of SHIRAKIHARA and TANAKA7), and will not be discussed further here.
We will examine the example shown in Fig. 6 , with parameters (a1=a2=2.0, b11=0.4, b12=3.0, b21=0.025, b22=3.0, d11=4.0, d12=0.0, d21=10,0, d22=0.0). These parameters result in prey and predator isoclines of TYPE 2 and TYPE 1 respec tively. The point A is a single stable equilibrium point and the point B is an unstable equilibrium point. The reasons we choose this case are as follows. First, a prey isocline of TYPE 2 is plausible, for RosENZWEIG10), and MALY11,12) have demonstrated prey isoclines similar to this type for experimental animals. Secondly, a predator isocline of TYPE 1 represents negative intra specific effects and positive interspecific effects. This type seems the most likely and realistic of the four predator types.
Larkin's model5), equations (1), has a predator isocline of TYPE 1.
We will first consider the effect of exploitation on the prey. An equilibrium catch diagram for the prey, which plots the equilibrium catch C18q in relation to the instantaneous fishing mortality coefficient F1 for various constant levels of F2, is shown in Fig. 7 . As F1 increases, the equili brium catch C18q increases until F1 approaches a specific level (a for the curve with F2=0.0) and when F1 exceeds this level, the equilibrium catch begins to decrease smoothly. Note that once F1 becomes larger than some specific level (b with F2=0.0), the equilibrium catch suddenly declines to zero. This phenomenon is caused by the follow ing mechanism. When heavy fishing pressure is applied to the prey population at level larger than b, the prey isocline changes from I to I", as shown in Fig. 6 . The stable equilibrium point A dis appears and the two population densities then decrease to zero. The extinction of the two populations is also possible if a stable equilibrium point turns into an unstable one, owing to a change in fishing pressure. Such a phenomenon due to the destabilization of the system is a catastrophic one, for a continuous change in F1 causes a sudden irreversible reduction of each population density from a positive level to zero. Fig. 6 . An example to show the effect of exploi tation of prey and predator populations . Prey and predator isoclines are curves I and II respec tively. As the fishing mortality coefficient F 1 i ncreases from zero, the prey isocline changes from 1, through I', to I" . The trajectory for the two population densities is also indicated when the prey isocline changes suddenly from I' to I" . In order to examine the combined effects of F1 and F2 on C1rq, an isopleth diagram for the prey equilibrium catch is shown in Fig. 8 . The effect of F1 on C1eq under constant F2 is the same as explained before in Fig. 7 , for F2 less than or equal to d in Fig. 8 . If F2 exceeds this level, a catastrophe is not observed. Next let us examine the effect of F2 on C1eq. An increase in F2 under constant F1 always results in an increase in C1eq until the increase in F2 brings about the extinction of the predator. Now, the effect of exploitation on the Predator will be considered. An isopleth diagram for the predator equilibrium catch is shown in Fig.9 . An increase in F1 under constant F2 always de creases the predator equilibrium catch C2eq until the increase in F1 brings about a catastrophe. Two outcomes are possible as to the effect of an increase in F2 on C2rq, depending on the magnitude of F2. For lower levels of F2 (e.g. F2 less than 1.0 under F1 equal to 1.0), an increase in F2 increases C2cq, but for higher levels of F2, an increase in F2 de creases C2eq.
Management Implications
Conventional theories13-15) of fisheries manage ment have considered only the steady state of the system. Recently the importance of the stability of the system to fisheries management has begun to be discussed16 -20) . Here it will be pointed out that the MSY (maximum sustainable yield) policy is inappropriate for the present nonlinear predator prey system from the viewpoint of the stability of the system. In Larkin's linear model5), the local stability of the equilibrium points is not affected by each population's fishing pressure and therefore the stability of the system need not be considered. In this case, the prey equilibrium catch diagram follows the general shape of a parabola, shown by the dotted line in Fig. 7 . The maximum level of C1eq, is obtained at the F1 level of c. Even if a change in F1 from this level decreases C1eq, the maximum level of C1eq is readily recovered by setting F1 back to the original level of c. Thus the MSY level of the prey catch can be success fully achieved and maintained.
In the present model, the local stability, can be affected by fishing pressure and there is a possi bility that a change in fishing pressure can cause the sudden destabilization of the system. Now let us examine the response of the nonlinear system under the MSY policy for managing the prey. It should be noted that F1 MY (F1 level yielding the maximum prey equilibrium catch) lies close to the F1 level causing a catastrophe due to the de stabilization of the system, for the three curves of the prey equilibrium catch diagram in Fig. 7 . it in a more concrete way by comparing the two isopleth diagrams in Fig.8 and Fig. 9 . The allocation of fishing pressure to each population to yield the maximum prey catch is quite different from the allocation to yield the maximum pre dator catch. It is clear that independent reali zation of the MSY policies for each of the two interacting populations is impossible.
